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A B S T R A C T   

Leaks in natural gas distribution networks are often initially detected by odor and then localized during oper-
ators’ walking surveys. The size of the enhancement detected and the leak’s proximity to infrastructure are used 
to determine leak severity of the leak and how quickly it is repaired. Methane (CH4) enhancements on the surface 
above the leak change with atmospheric conditions, but currently the leak severity assessment is made without 
considering the environmental conditions and could result in misdiagnosis of the leak. This study has developed 
the “ESCAPE” model, a tool that can be used to estimate CH4 enhancements on the surface above a leak using 
meteorological and leak data as input. Surface CH4 concentrations calculated using the ESCAPE model agrees 
well with measurements made during controlled experiments (m = 0.95 and R2 = 0.95). This study highlights the 
effect of micrometeorology on gas transport from the surface to the atmosphere, where the surface and the at-
mospheric conditions have the largest effect on the flux. Here, recommendations are made to improve industry 
best practices, including recording the meteorological conditions at the time of the leak detection, avoiding 
walking surveys on days where there are strong winds or strong solar irradiance and that known leak locations 
should be revisited and measured in different conditions. Mitigating CH4 emissions from the gas distribution 
network is a cost-effective and economically realistic target. Distribution operators can be directed by the output 
of ESCAPE model to correctly identify and repair the largest distribution leaks and could reduce annual CH4 
emissions by 0.69 Tg, this may go some way to reducing energy sector emissions in accordance with the Paris 
Agreement.   

1. Introduction 

Natural gas transportation is generally structured into three sectors. 
Gathering pipelines collect gas from production wells and well pads and 
transport gas to processing plants and transmission systems. Trans-
mission pipelines carry gases at high pressure (3500 to 9600 kPa) over 
continental distances, as well as integrating gas storage, electrical power 
plants, and industrial facilities. Finally, distribution pipelines transport 
gas from transmission systems to residential and commercial end users, 
typically operating at middle and lower pressures (1.5–2000 kPa); dis-
tribution mains in residential areas typically operate below 400 kPa. Gas 
transported in transmission and distribution systems has a generally 
standardized composition consisting primarily of methane with 0–10% 
ethane and low concentration of other hydrocarbons. In contrast, 
gathering systems carry a wide range of gas compositions, with methane 

concentrations as low as 50% in some systems. Only distribution systems 
odorize gas with mercaptan at concentrations less than 10 ppm and 
typically between 3 and 4 ppm (Rosemarie Halchuk, XCEL Energy, pers. 
comm.), although gathering system gas may contain naturally occurring 
aromatic compounds. 

Gas pipelines may leak due to corrosion, external stressors, or other 
factors. Failure of high-pressure pipelines typically result in cascade 
failures that are detected, controlled, and repaired quickly. In contrast, 
smaller leaks from distribution networks are more difficult to detect and 
may go unnoticed without targeted leak detection surveys. While these 
leaks release substantially less gas than high pressure pipelines, prox-
imity to structures may create equally hazardous conditions when gas 
migrates into enclosed spaces, such as storm drains, basements, foun-
dations, or utility conduits. Methane is explosive at concentrations be-
tween 4 and 17%, is lighter than air, and even small CH4 leaks can 
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collect to explosive concentrations in spaces where the gas’ vertical 
movement is blocked. Gas leaks have resulted in an average of 155 ex-
plosions or fires per year annually in the USA (PHMSA, 2021). It is 
estimated that in Paris 56% of the detectable emissions from the ground 
result from natural gas distribution network emissions with total emis-
sions of ~1 Gg per year (Defratyka et al., 2021). In 2020, there were an 
estimated 630,000 leaks in U.S. distribution mains, resulting in methane 
emissions of 0.69 Tg per year (Weller et al., 2020). Leaks from the gas 
distribution network contribute to the increase in atmospheric CH4 
growth from 1775 ppb in 2006 to 1850 ppb in 2017 (Nisbet et al., 2019), 
are a fugitive CH4 source that could be mitigated by a targeted approach 
to identify and repair the largest leaks (Maazallahi et al., 2020; Weller 
et al., 2020), and have been identified as a good target for reduction of 
CH4 emissions from fossil fuels if the Paris Agreement is to be met 
(Nisbet et al., 2019). 

While many leaks in the distribution network are identified by the 
public reporting an odor, walking surveys are routinely used by distri-
bution companies to locate leaks. Mercaptan can be detected by the 
human nose to concentrations as low as 1 ppb and, in lieu of additional 
instrumentation, leaks may be detected by the odorant alone in many 
contexts when concentrations of natural gas are above 100 ppm. How-
ever, this is a presence/absence observation and surveyors use gas 
sensors to quantitatively measure hydrocarbon concentration enhance-
ments at the surface, and in turn, assess the severity of the leak. The 
severity is determined by considering the estimated size and concen-
tration of the leak and its proximity to structures. One potential problem 
with walking surveys is that the collection of gas at the surface is a 
dynamic process, and changes in subsurface and atmospheric conditions 
can change surface concentrations significantly (Cho et al., 2020; Ulrich 
et al., 2019). A recent study used a walking survey to detect methane 
enhancements of up to 100 ppb at the Munich Oktoberfest in 2018 (Chen 
et al., 2020). 

There are a variety of technologies that can be used to detect oil, gas, 
produced water and condensate leaks from belowground sources. So-
lutions include fixed sensor systems that are installed inside or outside 
the pipe as well as internal mobile tools that are deployed after pipeline 
installation. A comprehensive analysis of such detection technologies is 
provided by Shaw et al. (2012), Henrie et al. (2016) and Zimmerle et al. 
(2017). Specific to leak detection for distribution lines, above ground 
gas leak detection methods are primarily used. Walking surveys are the 
primary method used for leak detection. Some companies are exper-
imenting with driving surveys using trace gas analyzers. Aerial or 
driving surveys are typically utilized for leak detection on gas trans-
mission mains where long rights-of-way make these methods more 
practical. Transient tests, such as those used in water mains, are not 
typically applied in gas pipelines where the flow is compressible. 

To better understand variability in surface CH4 concentrations, an 
Ohm’s Law analogy can be used to predict the size of gas emissions from 
the surface (Neirynck et al., 2007; Nemitz et al., 2000; Riddick et al., 
2017; Sutton et al., 1998; Zhang et al., 2002). The flow of gas from the 
leak to the atmosphere (Q) can be calculated from the difference in gas 
mixing ratios between the leak (Xl) and the atmosphere (Xat) and the 
combined resistance to gas flow in the soil (Rs) and the atmosphere (Rat) 
(Fig. 1; Equation (1)). Here, we acknowledge that soil is not only 
resistant to CH4 flow but also a sink as methanotrophic bacteria can 
consume the gas as it passes through the soil, given sufficient residence 
time. 

Qx =
(χl − χat)
(Rat + Rs)

(Equation 1) 

The Rat is a function of wind speed and atmospheric stability, where 
the atmospheric stability is a function of the wind speed, temperature 
gradient from ground to ambient air and solar irradiance, and Rat be-
comes less, i.e. it is easier for air to travel vertically, in higher wind 
speeds or with more solar heating of the ground (Seinfeld and Pandis, 
2016). It is expected that the surface concentration (Xs) will become 

lower as Rat decreases, i.e. in stronger wind in an unstable atmosphere, 
Xs will become higher as Rat increases, i.e. in low wind in a very stable 
atmosphere. 

Relative to equipment leaks in upstream sectors and leaks in trans-
mission lines, leaks from the distribution network are small. A recent 
study of 230 distribution leaks across the USA found that 90% were less 
than 66 g CH4 h− 1 and 50% were less than 4 g CH4 h− 1 (Lamb et al., 
2015) – walking surveys may not detect leaks of this size. For example, a 
measurement study observed CH4 mixing ratios of 2000 ppm directly 
above a relatively large leak (400 g CH4 h− 1) (Ulrich et al., 2019) in 
neutral wind conditions with Pasquill Gifford stability class D and wind 
speed 3 m s− 1. If measurements were to take place over a smaller leak, e. 
g. 100 times smaller 4 g CH4 h− 1, during a period of increased wind 
speed and in less stable conditions, the gas sensors used in walking 
surveys would likely not detect the resulting maximum surface CH4 
concentration. Additionally, the locational accuracy of pipelines is not 
precise, often resulting in surveyors sensing some distance (up to several 
meters) from the centerline of the pipe. 

This study focusses on distribution system leaks and aims to identify 
the effects of atmospheric variability on the surface presentation of the 
leak which will lead to a better understanding of observed concentra-
tions mapped during typical walking surveys. Explicitly, the study’s 
aims are: 1) Use the resistance analogy above to create a dynamic 
process-based model to calculate CH4 at the surface above a leak; 2) 
Validate the modelled surface CH4 mixing ratios by comparing them to 
measurements made on the surface above gas leaks of known release 
rates in different meteorological and micrometeorological conditions; 
and 3) Investigate the possibilities of false signaling during walking 
surveys, i.e. are there conditions in which large leaks have a very small 
surface concentration and conversely conditions where small leaks have 
large surface enhancements. 

2. Methods 

2.1. Surface concentration modeling 

2.1.1. Below surface gas flow rates 
For the small leaks considered here, below ground gas flow is limited 

by diffusion – advective transport impacts only a small region at the 
source of the leak – where the rate of diffusion of a gas through a porous 
soil is a function of the gas concentration gradient (Jury et al., 1991; 
Wang et al., 2014) and microbial methanotrophic uptake of CH4. The 
diffusive flow can be calculated using Fick’s law (Equation (2)), where 
the diffusion flux at distance x from the leak (fdx, g m− 2 s− 1) is the 
product of the concentration gradient at x from the leak (▽Cx, g m− 4) 
and the diffusion coefficient (Dp, m2 s− 1) and gas flow from the leak to 
the surface can be calculated by complex numerical simulations (Bu 

Fig. 1. Resistance analogy of a subsurface leak.  
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et al., 2021; Hou and Yuan, 2021; Wang et al., 2021). 

fdx = − Dp.∇Cx (Equation 2) 

However, it is unlikely that a walking surveyor will be able to 
adequately measure or estimate any of variables used in the simulations, 
and instead, we take a zeroth order approach to estimating the gas flow 
to support development of a practical model can be used in the field to 
identify the severity of the leak. Here, we model below-surface flow 
making five main assumptions: 1) soil properties impacting diffusion are 
uniform throughout the modelled domain; 2) gas flows (F, g s− 1) in 
straight lines from the leak to the surface and inversely proportional to 
the resistance of flow (Fx∝ 1

Rsx
); 3) consistent with Fick’s law, the resis-

tance of flow is proportional to the distance the gas has to travel (Rsx∝ 
Dx) (Fig. 2); 4) the emission at perpendicular distance x (Qx, g s− 1) can 
be scaled to the actual size of the leak; and 5) the gas is in steady state 
and can only vent to the atmosphere – i.e. there are no nearby enclosed 
spaces into which the gas may migrate. Note that this model does not 
include different surface covers; e.g. impermeable layers such as con-
crete or asphalt that may cause gas to migrate long distances to cracks or 
edges before reaching an active atmospheric interface. This simplified 
structure provides a useful tool for understanding the physics of un-
derground gas migration, suitable for translation into field practices. 

Using the assumptions set out above, we define the surface flux at 
distance x (Fx, g m− 2 s− 1) as a function of the emission at x (Qx, g s − 1), 

the sum of all emission rates (
∑∞

x=0
Qx, g s− 1), the total leak rate (QT, g s− 1) 

and the area of the surface expression between perpendicular steps (Ax, 
m2) (Equation (3)). In this study, we define x = 0 as the point on the 
ground surface, immediately above the pipe and we increase x in steps of 
0.5 m. The value of Qx is calculated from the perpendicular distance 
from the leak (x, m), the depth of the leak (d, m) and an undefined 
variable (V) that accounts of the contributions of ▽Cx and Dp and 
cancels out in Equation (3). 

Fx=
QT

Ax
.

Qx
∑∞

x=0Qx
, where,Qx=

V
√
(
x2 +d2

) andAx= π
((

x+
x
2

)2
−
(
x −

x
2

)2
)

(Equation 3)  

2.1.2. Above surface resistance 
The total atmospheric resistance (Rat, m s− 1) is the summation of the 

boundary layer resistance (Rb, m s− 1) and the aerodynamic resistance 
(Ra, m s− 1). The boundary layer resistance (Rb, m s− 1) describes how the 
gas diffuses through the quasi-laminar sub-layer of vegetation at the 
surface (Equation (4)). This is the product of the friction velocity (u*, m 
s− 1) and the boundary layer Stanton number (B) (Nemitz et al., 2000; 
Sutton et al., 1993). 

Rb =(Bu*)
− 1 (Equation 4) 

The aerodynamic resistance (Ra, m s− 1) is a function (Equation (5)) 
of the roughness length (z0, m), the displacement length (zd, m), the 
Monin-Obukhov length (L, m), the von Karman constant (k = 0.41), the 
wind speed (u, m s− 1) and a stability correction function (ψm) (Seinfeld 
and Pandis, 2016). The stability correction function can be calculated 
for both stable and unstable conditions, these functions are explicitly 
defined in Equations (6) and (7), respectively. Stable conditions occur, 
and Ra increases, during periods of low wind and low solar heating. 
Unstable conditions occur during period of high wind and high solar 
heating, causing gases to be quickly moved from the surface into the 
atmosphere. 

Ra =

[

ln
(
z− zd
z0

)

− ψm

(
z− zd
L

)]2

k2u
(Equation 5) 

Stable conditions 

ψm

(z
L

)
= −

5z
L

(Equation 6) 

Unstable conditions: 

ψm

(z
L

)
= 2ln

(
1+X

2

)

+ln
(

1+X2

2

)

− 2tan− 1(X)+
π
2
,whereX=

(
1 − 16

z
L

)1
4

(Equation7)  

2.1.3. Modeling surface mixing ratios 
Using the Ohm’s Law analogy (Equation (8)) we then calculate the 

surface mixing ratio (Xx, ppm) from Fx (Equation (3)) and Rat and as-
sume a background atmospheric CH4 mixing ratio (Xat) of 1.88 ppm 
(Dlugokencky, 2020). Henceforth, this model will be referred to as the 
ESCAPE (Estimating the Surface Concentration Above Pipeline Emis-
sions) model. 

Fx =
(χx − χat)

Rat
(Equation 8)  

2.2. Validating the ESCAPE model 

2.2.1. Input data to ECSAPE model 
The ESCAPE model requires time varying data inputs of wind speed 

and Pasquill Gifford Stability Class (PGSC), where the PGSC is a function 
of the wind speed and solar irradiance (Seinfeld and Pandis, 2016). 
Wind speed, roughness length and Monin-Obukhov length were 
measured onsite using a Model 81,000 anemometer (R. M. Young, 
Traverse City, USA). Leak rates were pre-determined and controlled by 
regulating the pressure upstream of a precision orifice at the Methane 
Emission Technology Evaluation Center (METEC) at Colorado State 
University in Fort Collins, USA (see (Bell et al., 2020) for a control 
system description). The leaks were simulated using 0.25” stainless steel 
tubing installed 1 m below the soil at METEC 12 months previously 
(Mitton, 2018). 

2.2.2. Measuring surface enhancements 
To validate ESCAPE model output, CH4 mixing ratio measurements 

spatially matching the modelled estimates were made on the surface 
within the vicinity of the leak location, in two steps. First, a Bascom- 
Turner Gas Rover (Bascom Turner Instruments VGI-201, accuracy of 
2% reading ± 20 ppm at 1 Hz) was used to find the highest concentra-
tion. This position was taken as the reference point for the rest of the 
measurements and referred to henceforth as the “focus”. A radial grid, 
separated by 45◦ using a compass, was then laid out using the focus as 
the center with measurement points marked every half meter. At a 
minimum, 24 surface measurements were taken for each experiment. 

Second, surface measurements were conducted by pressing the 
rubber cup of the Gas Rover lightly onto the surface at each radial po-
sition for 2 min. To reduce bias as the sensors equilibrated, the mixing 

Fig. 2. Gas flow in soil showing assumptions made by the model: 1) gas flows 
in straight lines from the leak to the surface; 2) gas flow is inversely propor-
tional to the resistance of flow; and 3) the resistance of flow is proportional to 
the distance the gas has to travel. 
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ratio measurements used for this study were taken as the average of the 
last minute of each measurement. In addition to CH4 mixing ratio data at 
the ground/air interface, wind speed, wind direction, air temperature, 
surface temperature, atmospheric pressure, roughness length and the 
Monin-Obukhov length were all measured at the site, 1.5 m above 
ground level (AGL). Surface mixing ratio measurements were made for 
24 leaks, ranging from 4 to 270 g h− 1, after steady state emission had 
occurred (at least 24-h after the leak was initiated). In addition, to 
investigate the performance of the ESCAPE model tests were performed 
under various meteorological conditions. 

As these experiments were conducted using a single belowground 
soil test bed, the effects of soil type were not investigated. For direct 
comparison with modelled CH4 surface mixing ratios, the average of the 
eight radial mixing ratios at the same distance were used. The gradient 
of the line of best fit between modelled and measured mixing ratios, the 
coefficient of determination (R2) and the p-value were used as metrics to 
ascertain how well the ESCAPE model predicts CH4 surface mixing ratios 
at distances from the focus. 

2.3. Testing surface enhancement extremes 

To investigate the possibility of false signaling during walking sur-
veys, we used the ESCAPE model to predict how surface mixing ratios 
changed in climatic conditions at the extreme ranges of the modeling 
input. The two emissions scenarios used were: a larger than average leak 
of 80 g h− 1 and a small leak of 4 g h− 1. Wind speeds varied from 0.5 to 
7.5 m s− 1, PGSC varied from A to G, Monin-Obukhov lengths from − 11 
to 5 m and roughness lengths from 0.0001 m (snow) to 0.1 m (wheat 
fields) (Seinfeld and Pandis, 2016). 

3. Results 

3.1. Validation of modelled surface enhancements 

3.1.1. Surface enhancement measurements 
Measured CH4 surface mixing ratios were highest directly above the 

leak. High observable mixing ratios extend to a radius of around 1 m 
from above the leak, maximum 20,000 ppm, and mixing ratios quickly 

decrease to background. Methane enhancements on the surface are 
undetectable more than 4.5 m from the leak (Table 1) for any leak size. It 

Table 1 
Maximum CH4 mixing ratio predicted by the ESCAPE model (Model. CH4 max (ppm)), maximum measured CH4 mixing ratio (Meas. CH4 max (ppm)) distance from the 
focus that an enhancement can be detected (En. Radius), R2 between modelled and measured values at distances from the leak and the gradient (m) of the line of best fit 
between modelled and measured values at distances from the leak. PGSC denotes the Pasquill-Gifford Stability Class and WS is the wind speed.  

Date Leak rate (g h-1) WS (m s− 1) PGSC Model CH4 max (ppm) Meas. CH4 max (ppm) En. 
Radius (m) 

R2 m 

May 02, 2020 4 2.2 B 350 486 1.5 0.95 1.28 
May 03, 2020 4 1.2 A 712 840 1.5 0.98 1.18 
May 05, 2020 4 1.9 A 370 402 1.5 0.93 1.08 
May 14, 2020 4 1.7 C 606 707 1.5 0.98 1.16 
May 16, 2020 4 3.1 D 222 241 1.5 0.83 1.06 
May 19, 2020 4 1.3 A 686 897 2.0 0.99 1.30 
May 20, 2020 4 4.5 D 264 285 1.5 0.98 1.05 
May 02, 2020 20 1.2 B 11,758 13,000 2.0 0.98 1.09 
May 03, 2020 20 1.1 A 12,827 12,500 1.5 0.98 0.96 
May 05, 2020 20 0.9 A 15,677 15,000 1.0 0.88 0.92 
May 14, 2020 20 1.7 C 10,316 11,500 1.5 0.98 1.09 
May 16, 2020 20 6.1 D 2437 2300 2.5 0.94 0.91 
May 20, 2020 20 3.0 D 3352 3352 1.5 0.93 0.98 
May 23, 2020 20 1.2 A 9140 9500 3.5 0.99 1.04 
January 19, 1900 40 0.7 A 16,245 17,000 3.0 0.90 1.03 
March 17, 2020 80 2.0 E 11,989 11,570 3.0 0.98 0.96 
March 18, 2020 80 2.7 B 10,212 10,000 2.5 0.98 0.97 
March 21, 2020 80 2.0 E 16,260 15,000 2.5 0.99 0.92 
March 23, 2020 80 3.0 B 9247 9500 2.5 0.94 0.99 
March 25, 2020 80 2.5 B 11,029 11,750 3.0 0.99 1.06 
May 21, 2020 70 2.6 A 19,106 20,000 3.0 0.98 1.03 
May 26, 2020 120 1.0 C 1282 1150 2.5 0.97 1.05 
June 02, 2020 180 1.3 B 15,333 11,500 3.5 0.99 1.27 
June 04, 2020 270 2.2 B 18,611 20,000 4.5 0.99 0.90  

Fig. 3. Surface CH4 mixing ratios above a larger than average leak, 80 g h− 1 on 
the May 2, 2020. 
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is important to note that these are only for the conditions tested (e.g. 
Fig. 3). 

The initial observation provides a key input for walking surveys: The 
centerline of the pipeline needs to be located to ≤ 2 meters for practical 
surveys to capture leaks of 20 g CH4 h− 1. Recollecting that the tests 
performed here were in relatively porous soil, no surface cover, over a 
relatively shallow leak location, the above guidance should be consid-
ered a maximum for pipeline location accuracy. 

3.1.2. ESCAPE model output 
Using the ESCPAE model, Xx is calculated for perpendicular distances 

from the focus for the meteorological conditions observed in Section 
3.1.1. As examples, modelled surface CH4 mixing ratios (Fig. 4A) for a 
(large) 80 g h− 1 leak 0.5 m below the surface, measured at z0 = 1 cm 
AGL, in a high stability, PGSC E, (solid blue points) show a maximum 
calculated mixing ratio of 15,644 ppm (Table 1) while that maximum 
mixing ratio predicted for unstable conditions, PGSC B, (solid red points) 
is 8046 ppm. In both the stable and unstable scenarios, the CH4 mixing 
ratios predicted by the ESCAPE model fall to less than 2000 ppm 1 m 
away from the focus and less than 100 ppm at 3 m from the focus. Both 
stable and unstable examples are in good agreement with measured data 
with an R2 of 0.95 and 0.96, respectively. 

When mixing ratios generated by the ESCAPE model are compared 
against measured mixing ratios at the same distance from the focus in all 
environmental conditions, we find that there is good agreement with R2 

of 0.95 (Fig. 4B; Table 1). The p-values for each of the modelled/ 
measured datasets are less than 0.001. The ESCAPE model appears to be 
less accurate during low wind, < 2 m s− 1, conditions in both stable and 
unstable atmospheres, it overpredicts surface mixing ratios in stable 
conditions, m of 0.74 in PGSC E stability, while underpredicting in un-
stable conditions, m of 1.30 in PGSC B conditions. Despite this, the 
ESCAPE model appears to capture the shape of the changing CH4 surface 
mixing ratios with distance from the focus (Fig. 4A). 

Data presented from multiple sizes of leaks in different atmospheric 
conditions show that, in general, surface CH4 mixing ratios above the 
focus are lower in stable conditions and also in high winds (Table 1), 

with the lowest modelled/measured mixing ratio 234/285 ppm, during 
a 7.1 m s− 1 wind event in PGSC class D on the 20/5/20. Higher surface 
CH4 mixing ratios above the focus were observed above the same leak, 4 
g h− 1, during low wind and stable conditions, with the highest 
modelled/measured mixing ratio 910/840 ppm, on the 03/05/20 when 
the wind was 1.2 m s− 1 and the PGSC was A. 

3.2. Extreme scenarios 

3.2.1. Large leaks with small surface expression 
Taking the example of an above average leak of 80 g h− 1 that is 50 cm 

below the surface, the surface CH4 mixing ratio above the focus, as 
calculated by the ESCAPE model, is smallest when the surface roughness 
is largest, the wind speed is high and the atmosphere is more unstable 
(Fig. 5). When all of these variables are tuned in the ESCAPE model to 
these extremes, where z0 is 0.1 m (e.g. wheat field), wind speed is 7.5 m 
s− 1 and a stability of PGSC A, the surface mixing ratios above the focus is 
predicted to become less than 600 ppm (Table 2). 

3.2.2. Small leak with large surface expression 
Taking the example of a very small leak, 4 g h− 1 that is 50 cm below 

the surface, the calculated surface CH4 mixing ratio is predicted to be 
largest when the surface roughness is smallest, (e.g. snow) the wind 
speed decreases, and the atmosphere becomes more stable. When all of 
these variables are tuned in the ESCAPE model to realistic extremes, i.e. 
z0 of 0.0001 m, wind speed of 0.5 m s− 1 and stability of PGSC G, the 
surface mixing ratio above the focus is predicted to exceed 16,000 ppm 
(Table 3). 

4. Conclusion 

Here, we present data showing the changing modelled and measured 
CH4 mixing ratios on the surface above an underground controlled 
release of methane at METEC. On-site facilities were used to produce 
leaks of known rates from outlets beneath the surface of the ground and 
the resulting surface CH4 mixing ratios were measured using the same 
instruments as used in pipeline walking surveys. The highest surface 
mixing ratios are detected directly above the leak, which exponentially 
decrease with distance and are not above background farther than 4.5 m 
from the focus. These surface measurements also show significant CH4 
mixing ratio changes in varying meteorological and micrometeorolog-
ical conditions for the same leak rate. Generally, mixing ratios were 
higher during lower winds and non-neutral atmospheric events. 

Using the measurement data presented in Table 1, the average 
measured surface concentration can be calculated (551, 9593 and 
12,714 ppm for the 4, 20 and 80 g h− 1 release rates, respectively) and 
used to calculate a dimensionless value between the measured and 
average measured surface concentrations that represents how much the 
measurement is over or underestimated. To investigate real-world utility 
of the dimensionless number, which indicates the relative under/over-
estimate in surface concentration measurement, we can plot it against 
the wind speed (Fig. 6) where there is a correlation (m = − 25; R2 =

0.65). The relationship derived from this observation (Equation (9)) 
could be used as a simple “rule-of-thumb” by distribution network sur-
veyors to interpret how surface concentration measurements varies with 
wind speed and indicates the normalized severity of the leak. Here, if a 
measurement took place while the wind speed was 6 m s− 1, the surface 
concentration would be a factor 0.9 less than if it were conducted during 
a wind speed of 2.4 m s− 1. From the limited measurements, the data 
suggests that this is generally consistent during stable, unstable and 
neutral conditions. 

over
under

estimate factor = − 0.25 x Wind  Speed 
(
m  s− 1)+ 0.6

(Equation 9) 

In parallel to the measurements, a dynamic process-based resistance 

Fig. 4. A) Surface methane mixing ratios (solid points) as calculated by the 
ESCAPE model for a 80 g h− 1 leak 0.5 m below the surface in a high stability 
(21/3/20) and unstable condition (23/3/20). Matching measured methane 
mixing ratios are presented (hollow points). B) Comparison between measured 
methane surface mixing ratio and matching mixing ratios calculated by the 
ESCAPE model at distances from the leak focus in different meteorological and 
micrometeorological conditions. Crosses indicate measurements made in PGSC 
A/B conditions, circles in PGSC C, squares in PGSC D and diamonds in PGSC E. 
Red symbols indicate measurements above the leak, orange symbols are 0.5 m 
from the leak, green symbols are 1 m, blue symbols are 1.5 m and black symbols 
were greater than 1.5 m away. Inset plot focusses on lower concentration region 
of outer plot. 
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ESCAPE (Estimating the Surface Concentration Above Pipeline Emis-
sions) model was developed to calculate surface CH4 mixing ratios above 
a leak using input on controlled release rate soil and meteorological 
conditions. The measured surface mixing ratios were used to validate 
ESCAPE model output. Measured CH4 mixing ratios were in good 
agreement with modelled estimates at distances above the leak, R2 of 
0.95, and emissions from the surface vary with environmental 

conditions, in particular wind speed and atmospheric stability, which is 
consistent with other process-based emission models (Nemitz et al., 
2000; Riddick et al., 2018; Sutton et al., 1998). However, we find the 
model overpredicts surface mixing ratios in stable conditions, m of 0.74 
in PGSC E stability, while underpredicting in unstable conditions, m of 
1.30 in PGSC B conditions. As this is a systematic error, it would suggest 
that the fixed values taken for the Monin-Obukhov length (L, m) in each 

Fig. 5. Sensitivity analysis using the model to calculate surface CH4 mixing ratios at the focus above a larger than average leak, 80 g h− 1. Left pane shows the effect of 
changing wind speed input while keeping PGSC as B, zo at 0.001 cm. Center pane shows the effect of changing the stability input while keeping WS at 2.5 m s− 1 and zo 
at 0.001 cm. Right pane shows the effect of changing roughness length input while keeping WS at 2.5 m s− 1 and PGSC at B. 

Table 2 
Sensitivity analysis using the model to calculate surface CH4 mixing ratios at the focus above a larger than average 
leak, 80 g h− 1. The table uses the following abbreviations: WS for wind speed, PGSC for Pasquill-Gifford Stability Class, 
L for the Monin-Obukhov length, z0 for roughness length and Xs for surface mixing ratio. Pairs of lines reflecting 
extreme conditions are color coded. 

Table 3 
Sensitivity analysis using the model to calculate surface CH4 mixing ratios at the focus above a larger than average 
leak, 4 g h− 1. The table uses the following abbreviations: WS for wind speed, PGSC for Pasquill-Gifford Stability Class, 
L for the Monin-Obukhov length, z0 for roughness length and Xs for surface mixing ratio. Pairs of lines reflecting 
extreme conditions are color coded, using same colors as Table 2. 
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stability class, L of − 11 m for PGSC B and L of 5 m for PGSC E, could be 
improved by taking in-situ measurements of the micrometeorology. 
However, it is unlikely that a gas operator would have a sonic 
anemometer to hand and the ESCAPE model is intended to be a 
straightforward, qualitative tool that uses easily measured atmospheric 
conditions to assess leak severity, therefore, these model uncertainties 
should be noted but will not affect the overall efficacy of the tool. 
Accordingly, we estimate the absolute uncertainty in the modelled CH4 
surface mixing ratios at ± 30%. 

4.1. Model sensitivity 

Using the sensitivity analysis for large and small leaks, Tables 2 and 3 
respectively, the ESCAPE model predicts that lower wind speeds will 
result in higher surface enhancements as aerodynamic resistance is 
increased due to the decreased vertical transport of the gas from the 
surface (Fig. 5). Periods of high stability also result in higher surface 
enhancements as surface air is trapped in the boundary layer. 
Conversely, during periods of atmospheric instability, i.e. high surface 
heating, the gas at the surface is readily transported from the surface to 
the atmosphere. However, it should be noted that while the observed 
surface concentrations are higher at low wind speed and high stability, 
the concentration increase is not substantial enough to decrease the 
diffusion or microbial CH4 uptake below the surface. Therefore, just 
under the surface, the concentration is still very high – typically percent 
CH4 – and the near-surface leak expression does not substantially change 
in size. 

4.2. Implications for walking surveys 

The most important finding of this modeling/measurement effort is 
that changing atmospheric conditions profoundly affects the CH4 mixing 
ratios measured at the surface above an underground gas leakage. This is 
a finding consistent with the CH4 concentration measurements of Chen 
et al. (2020) at the Munich Oktoberfest in 2018. Here we identify the 
wind speed, roughness length and the atmospheric stability as the 
environmental variables that most significantly affect surface 
concentration. 

For small leaks (~4 g CH4 h− 1), surface enhancements could appear 
much larger than expected. High surface enhancements above small 
leaks are predicted to occur during very stable events with low wind 
speeds (Fig. 7A). As these low wind, high stability events generally occur 
during the night and early morning, it is reasonable to assume that these 
conditions are unlikely to be encountered during pipeline walking sur-
veys. Using meteorological data from the Christman Field meteorolog-
ical station (public station near METEC) in the ESCAPE model with a 
leak of 4 g h− 1, we estimate that there were 206 h in 2019 where ground 
mixing ratios above the leak would exceed 10,000 ppm. Even though 
these leaks are exceedingly small, mercaptan can be detected by the 
human nose at mixing ratios of around 100 ppm and the gas from these 
leaks would be overwhelmingly detectable during these low wind, stable 
atmospheric events. Small, recurrent, untraceable leaks have been 
encountered by many fire departments and continue to be reported by 
the public even though the source cannot be located and the leak 
repaired (M. Housley, Poudre Fire Authority, CO, USA, pers. comm.). 
However, all of these were at night and unlikely to be observed. Despite 
this, it should be acknowledged that even small leaks from pipelines 
could result in explosive atmospheres in conditions where gas migrates 
into enclosed spaces, typically without atmospheric transport. 

Of more concern is the potential misclassification of large leaks (e.g. 
> 80 g CH4 h− 1). The ESCAPE model output predicts that in higher wind 
and unstable atmospheric conditions, CH4 surface mixing ratios could be 
significantly underestimated by up to a factor of 20 and appear very 
small (Fig. 7B). As these conditions would occur during the day when 
survey teams are likely to be working, this misidentification presents a 
potential safety hazard. Again, using meteorological data from the 
Christman Field meteorological station in the model with a leak of 80 g 
h− 1, we estimate the maximum surface CH4 mixing ratios would have 
been less than 10,000 ppm for 383 h in 2019. All of these were during 
the day in conditions walking survey teams are likely to be working and 
could have resulted in a mis-classification of risk when a leak is found, or 
near-surface mixing ratios small enough to elude detection altogether. It 
should be noted that, based on Christman Field meteorological data, the 
ESCAPE model predicts surface mixing ratios higher than the lower 
explosive limit (LEL) for methane for 1358 h in 2019, or 16% of the year. 

Fig. 6. The fractional difference between the measured and average measured 
surface concentrations plotted against the wind speed. The Pasquill Gifford 
Stability Classes (PGSC) are represented as colors. The average measured sur-
face concentration was be calculated as 551, 9593 and 12,714 ppm for the 4, 20 
and 80 g h− 1 release rates, respectively. 

Fig. 7. Modelled surface methane mixing ratios above a leak 50 cm below the ground for A) a 4 g CH4 h− 1 in conditions where the surface is smoother (z0 = 0.0001), 
with less wind (u = 0.5 m s− 1) and a very stable atmosphere (L = 5 m) and B) a 80 g CH4 h− 1 in conditions with a rougher surface (z0 = 0.1), with more wind (u = 7.5 
m s− 1) and an unstable atmosphere (L = − 5 m) on the same mixing ratio color scale. 
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4.3. Future applications of the ESCAPE model 

It is predicted that hydrogen gas could replace CH4 as a fuel piped 
from renewable energy facilities to the end user. In contrast to CH4, 
hydrogen is explosive at a greater range of concentrations, i.e. between 4 
and 75%. This means that if CH4 collects in an enclosed space it will be 
explosive over a smaller range of concentrations than the same gas 
intrusion by hydrogen, indicating that hydrogen may present a greater 
hazard than CH4 under similar leak conditions, and that the detection, 
quantification and repair of hydrogen leaks would be more important 
than natural gas leaks. With further field testing with hydrogen, the 
ESCAPE model could also be used to quantify hydrogen leaks from above 
surface concentrations. 

5. Discussion 

This study highlights the importance of the meteorological and 
micrometeorological effects on the transport of gas from the surface to 
the atmosphere, where interplay between the soil surface conditions 
(roughness) and the atmospheric conditions (turbulence and stability) 
have the largest effect on the flux. Increased wind speed and high sta-
bility decrease atmospheric resistance, resulting in increased vertical 
transport which decreases the surface concentration. Therefore, 
threshold meteorological/micrometeorological conditions exist where 
gas exchange in the soil is less than the vertical transport and not able to 
maintain replenishment of the gas to the surface, resulting in smaller 
than expected surface enhancements. 

For larger gas leaks, it is possible that vertical atmospheric transport 
occurs fast enough to remove CH4 to the atmosphere, which could result 
in a walking survey classifying the leak at a lower risk level or missing 
the leak entirely, and the source remaining undetected or scheduled at 
low priority for repair. Conversely, in low wind, stable conditions, CH4 
from smaller leaks can collect at the surface in enhancements high 
enough to become explosive. Both scenarios present a hazard, and this 
study highlights the importance of understanding the relative effects of 
above surface gas transport on gas emitted from an underground pipe-
line leak. Taking the previous example, where the leak in Fig. 6A is 4 g 
CH4 h− 1 while the leak in Fig. 6B 80 g CH4 h− 1, the reasonable 
conclusion is that the smaller leak should be repaired before the larger. 
However, the larger leak can more often result in a hazardous scenario 
and without considering the meteorology could easily be misidentified 
as less dangerous. 

To improve industry best practices, we make the following 
recommendations:  

• The surveyor should record the meteorological conditions at the time 
of the leak detection.  

• To improve the chance of detecting small leaks, surveys should be 
performed on days of atmospheric stability and where winds are low 
(<1.5 m s− 1). 

• To avoid misclassifying leaks or missing detections all together sur-
veys should not be performed on days where there are strong winds 
or strong solar irradiance.  

• Known leak locations (e.g. PHMSA class II and III) should be revisited 
and measured in different conditions to verify the leak is classified in 
the proper risk level. 

In the bigger picture, mitigating CH4 emissions from the gas distri-
bution network are sensible, cost-effective and economically realistic if 
the Paris Agreement is to be met (Nisbet et al., 2019). If time, effort and 
money can be directed by the output of ESCAPE model to correctly 
identify and repair the largest distribution leaks (Nisbet et al., 2020), the 
majority of the 630,000 leaks in the U.S. distribution mains could be 
mitigated and reduce the overall atmospheric CH4 emissions by 0.69 Tg 
each year (Weller et al., 2020), which may go some way to bringing 
emissions from this sector back to the direction set out by the Paris goals. 
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Denier van der Gon, H., Röckmann, T., 2020. Methane emissions from the Munich 
oktoberfest. Atmos. Chem. Phys. 20, 3683–3696. https://doi.org/10.5194/acp-20- 
3683-2020. 

Cho, Y., Ulrich, B.A., Zimmerle, D.J., Smits, K.M., 2020. Estimating natural gas emissions 
from underground pipelines using surface concentration measurements☆. Environ. 
Pollut. 267, 115514. https://doi.org/10.1016/j.envpol.2020.115514. 

Defratyka, S.M., Paris, J.-D., Yver-Kwok, C., Fernandez, J.M., Korben, P., Bousquet, P., 
2021. Mapping urban methane sources in Paris, France. Environ. Sci. Technol. 55, 
8583–8591. https://doi.org/10.1021/acs.est.1c00859. 

Dlugokencky, E.J., 2020. Trends in Atmospheric Methane. NOAA/GML. Global CH4 
Monthly Means.  

Henrie, M., Nicholas, R.E., Carpenter, P., 2016. Pipeline Leak Detection Handbook. 
Elsevier. https://doi.org/10.1016/C2014-0-01914-4. 

Hou, Z., Yuan, X., 2021. Leakage locating and sampling optimization of small-rate 
leakage on medium-and-low-pressure unground natural gas pipelines. J. Nat. Gas 
Sci. Eng. 94, 104112. https://doi.org/10.1016/j.jngse.2021.104112. 

Jury, W.A., Gardner, W.R., Gardner, W.H., 1991. Soil Physics, fifth ed. J. Wiley, New 
York.  

Lamb, B.K., Edburg, S.L., Ferrara, T.W., Howard, T., Harrison, M.R., Kolb, C.E., 
Townsend-Small, A., Dyck, W., Possolo, A., Whetstone, J.R., 2015. Direct 
measurements show decreasing methane emissions from natural gas local 
distribution systems in the United States. Environ. Sci. Technol. 49, 5161–5169. 
https://doi.org/10.1021/es505116p. 

Maazallahi, H., Fernandez, J.M., Menoud, M., Zavala-Araiza, D., Weller, Z.D., 
Schwietzke, S., von Fischer, J.C., Denier van der Gon, H., Röckmann, T., 2020. 
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